The aim of the study was to assess the effect of elevated nitrite concentration on the haematological and biochemical profile of blood of rainbow trout and to evaluate the ability of fish to recover under varying conditions. Fish (n = 72) were exposed for 14 days to elevated nitrite concentration (1 mg·l -1 ). Thereafter the exposed fish were divided into four groups and monitored for 7 days in the following conditions: water containing 1 mg·l -1 NO 2 (group E), water containing 1 mg·l -1 NO 2 -+ 100 mg·l -1 Cl -(group R1), nitrite-free water with 100 mg·l -1 Cl -(group R2), or nitrite-and chloride-free water (group R3). Nitrite exposure was associated with a significant increase (P < 0.01) in methaemoglobin, mean corpuscular haemoglobin and plasma nitrite concentration. During the subsequent 7 days these indices reached the control values in all recovery groups (R1-R3). Significant decrease (P < 0.01) in haematocrit and mean corpuscular volume was recorded during nitrite exposure of fish. These changes were eliminated by addition of chloride to the water. Other haematological and biochemical blood indices showed that all treatments resulted in moderate stress to fish with the least pronounced changes in group R1. Results of the present study confirmed that even low nitrite concentrations may cause physiological changes in rainbow trout and pointed to possible recovery treatments of fish impaired by nitrite exposure. One of the most important findings is that chloride added to the water leads to successful fish recovery even in the presence of nitrite.
The aim of the study was to assess the effect of elevated nitrite concentration on the haematological and biochemical profile of blood of rainbow trout and to evaluate the ability of fish to recover under varying conditions. Fish (n = 72) were exposed for 14 days to elevated nitrite concentration (1 mg·l -1 ). Thereafter the exposed fish were divided into four groups and monitored for 7 days in the following conditions: water containing 1 mg·l -1 NO 2 (group E), water containing 1 mg·l -1 NO 2 -+ 100 mg·l -1 Cl -(group R1), nitrite-free water with 100 mg·l -1 Cl -(group R2), or nitrite-and chloride-free water (group R3). Nitrite exposure was associated with a significant increase (P < 0.01) in methaemoglobin, mean corpuscular haemoglobin and plasma nitrite concentration. During the subsequent 7 days these indices reached the control values in all recovery groups (R1-R3). Significant decrease (P < 0.01) in haematocrit and mean corpuscular volume was recorded during nitrite exposure of fish. These changes were eliminated by addition of chloride to the water. Other haematological and biochemical blood indices showed that all treatments resulted in moderate stress to fish with the least pronounced changes in group R1. Results of the present study confirmed that even low nitrite concentrations may cause physiological changes in rainbow trout and pointed to possible recovery treatments of fish impaired by nitrite exposure. One of the most important findings is that chloride added to the water leads to successful fish recovery even in the presence of nitrite.
Fish, haematology, methaemoglobin, nitrite accumulation, blood biochemistry
Nitrite is potentially toxic to animals, and fish are at a higher risk than terrestrial animals, since nitrite in the ambient water can be actively taken up across the gill epithelium and accumulate at high concentrations in the body fluids. Nitrite has an affinity for the branchial Cl -uptake mechanisms, presumably the Cl -/HCO 3 -exchange (Jensen 2003) , which takes place in the chloride cells of gill epithelium. Williams and Eddy (1988) demonstrated that fish with high chloride uptake across chloride cells (e.g. rainbow trout) are more sensitive to nitrite than fish with a low rate of chloride intake (e.g. carp, tench). This explains the protective effect of chloride on nitrite toxicity.
The toxic effect of nitrite as well as its influence on physiological function in fish is well documented (Jensen 2003; Kroupová et al. 2005; Voslarova et al. 2006 Voslarova et al. , 2008 Dolezalova et al. 2011) . Nitrite affects the regulation of ions in fish tissue, respiration, cardiovascular function, endocrine function, and excretory mechanisms (Jensen 2003) . However, the chief outcome of nitrite poisoning is the oxidation of haemoglobin to methaemoglobin in erythrocytes. Consequently, blood oxygen transport is compromised, since methaemoglobin does not bind oxygen.
The aim of the present study was to assess the effects of elevated nitrite concentrations on the haematological and blood biochemical profiles of rainbow trout and to evaluate the ability of fish to recover under varying conditions.
Materials and Methods

Experimental animals
The total of 100 rainbow trout (72.3 ± 14.0 g) was obtained from a local hatchery and maintained for 1 week in aquaria with dechlorinated tap water. Fish were fed a commercial diet (BioMar, 47% protein, 26% fat) daily at 2.5% of total body weight. Four fish were examined for their health status before the start of experiment.
Water quality indices were: temperature 14. 
Experimental protocol
Forty-eight fish were divided into two groups (control and experimental). Control and experimental group consisted of 12 and 36 fish, respectively. The supply water and diet used were the same as those during the initial acclimation period. The bath was renewed daily. During the 14 days exposure period, experimental fish (n = 36) were exposed to 1 mg·l -1 NO 2 -and controls (n = 12) were maintained in nitrite-free tap water. At the end of the exposure period, four experimental and four control fish were sampled. Group E continued to be exposed to 1 mg·l -1 NO 2 -and the remaining fish from the experimental group were divided into 3 groups (R1-R3) to evaluate recovery from nitrite poisoning. Water treatments following initial exposure to nitrite were: water containing 1 mg·l -1 NO 2 -+ 100 mg·l -1 Cl -(group R1); nitrite-free water with 100 mg·l -1 Cl -(group R2); nitritefree tapwater (group R3). This post-exposure period continued for 7 days, with sampling of 4 fish per group on day 2 and at the conclusion of the test. Entire experiment was done in duplicate. The experimental system is shown in Fig. 1 .
Fish sampling
Blood samples were taken from the caudal vessels into heparinised syringes, and the blood was stabilised with 40 IU of sodium heparin (Heparin inj., Leciva, Czech Republic) per 1 ml blood. Immediately after sampling, the erythrocyte count (RBC), haematocrit (PCV), haemoglobin (Hb), methaemoglobin (MetHb), mean corpuscular volume (MCV), mean corpuscular haemoglobin (MCH), mean corpuscular haemoglobin concentration (MCHC), and leukocyte count (WBC) were determined according Svobodová et al. (1991) .
Plasma was separated from cells by centrifugation (10 min at 12 000 × g) at 4 °C, and plasma ammonia (NH 3 ), urea nitrogen (UREA), uric acid (URIC), glucose (Glu), total protein (TP), albumin (ALB), total globulin (Glob), calcium (Ca 2+ ), magnesium (Mg 2+ ), and inorganic phosphorus concentrations (PHOS) were determined using the VETTEST 8008 Analyser (IDEXX Laboratories, Westbrook, ME, USA). Plasma Na After blood sampling, the fish were quickly stunned with a blow to the head, and dorsal muscle samples of approximately 1 g were excised. The muscle and plasma samples for nitrite determination were kept at -80 °C until time of analysis to prevent nitrite oxidation. Nitrite levels in the plasma and muscle were determined spectrophotometrically as described by Shechter et al. (1972) .
Statistical analyses Statistical analysis was carried out with Statistica software 7.0 for Windows (StatSoft, Czech Republic). Data were first tested for normality (Kolmogorov-Smirnov test) and homoscedasticity of variance (Bartlett's test). Where those conditions were satisfied, two-way analysis of variance (ANOVA) was employed to determine whether there were significant differences in measured variables among experimental groups. When a difference was detected (P < 0.05), Tukey's multiple comparison test was applied to identify which treatments were significantly different. ), R3 (nitrite-and chloride free tap water) and control group. *Experimental groups significantly different (P < 0.01) from control group.
# Experimental group significantly different (P < 0.05) from control group.
Results
Significant differences among experimental groups were observed in the MetHb and PCV values following exposure. MetHb content increased markedly (P < 0.01) in group E after 14-day exposure compared to control. During the subsequent 7 days this indicator gradually declined. The most significant decrease in MetHb content (P < 0.01) was observed in groups R2 and R3 at the end of trial, day 22 (Fig. 2) .
The PCV values were significantly lower (P < 0.01) in group E sampled on days 14, 16, and 22 compared to the time-corresponding controls. Lower PCV values were also 76 Fig. 3 . Nitrite concentration in the plasma of rainbow trout after 14 days exposure to nitrite and during recovery period (day 16 and 22). detected in group R3 on days 16 and 22 compared to the control group; however, the changes were significant (P < 0.01) only at day 22 (Fig. 2) .
Other haematological indicators such as MCV and MCHC in groups R1-3, reached control values by the second day of the post-exposure period (day 16), while the difference in these indices between group E and the control group persisted to the end of the experiment (day 22) -see Table 1 .
Elevated nitrite was found in the plasma of fish of group E sampled on days 14, 16, and 22 compared with the time-corresponding controls (Fig. 3) . Nitrite concentration in plasma decreased slightly during the experimental period in this group. In groups R1-3, and in the controls the values were below the detection threshold for the method used (0.05 mg·l -1 NO 2 -) at all sampled times. Nitrite in muscle was below the detection threshold in all groups.
Significant differences in Glu, PHOS, NH 3 and UREA in plasma were observed on day 2 of the post-exposure period in groups R1-3 compared to the control group. Glu significantly increased (P < 0.01) in groups R1-3 and remained significantly higher in group R2 throughout the trial. The values of PHOS and NH 3 were significantly lower (P < 0.01) in groups R2 and 3 on day 2 of the post-exposure period. PHOS reached control values at the end of the experiment in all groups. The values of NH 3 remained significantly lower (P < 0.01) in group R3 throughout the experiment. The UREA level was significantly lower in group R3 on day 2 of the post-exposure period and remained significantly lower (P < 0.01) in this group until the end of experiment (Table 2 ).
Discussion
The most prominent effect of nitrite poisoning in fish is the increase in methaemoglobin content. Methaemoglobinaemia usually results from exposure to 77 Table 2 . Biochemical indices of rainbow trout after 14 days exposure to nitrite and during the recovery period (days 16 and 22).
Experimental groups E (1 mg l -1 NO 2 -), R1 (1 mg l -1 NO 2 -+ 100 mg l -1 Cl -), R2 (100 mg l -1 Cl -), R3 (nitrite-free tapwater) and the control group. Glu -glucose concentration, PHOS -inorganic phosphorus concentrations, NH 3 -plasma ammonia concentration, UREA -urea nitrogen concentration. a,b -significant differences (P < 0.01). high concentrations of nitrite, although a small amount of methaemoglobin can be formed spontaneously in normal erythrocytes in the absence of nitrite . Smith and Russo (1975) established the values of 0.9-3.6% as the normal methaemoglobin-haemoglobin equilibrium for rainbow trout, Oncorhynchus mykiss (Walbaum). As expected, exposure of rainbow trout to nitrite in the present study caused a significant increase in methaemoglobin concentrations. However, the measured values of methaemoglobin were relatively low, ranging from 8 to 13%, and continuously declined in fish exposed to nitrite during the experiment. This suggested acclimation of the exposed fish to elevated nitrite concentrations in the water, probably due to increased activity of the methaemoglobin-reductase system. Avilez et al. (2004) measured increased activity of methaemoglobin-reductase in Brycon cephalus after 96-h exposure to several nitrite concentrations, supporting our hypothesis that the enzyme system may be activated by nitrite presence in water as well as by the duration of exposure. In experimental groups R1-3 fish recovery after nitrite exposure was observed, and methaemoglobin reached control values on day 2 of the recovery period and continued declining below control values until the end of the experiment. This suggested adequate and comparable efficacy of all the three treatment conditions: nitrite containing water supplemented with chloride (R1), nitrite-free water supplemented with chloride (R2), and nitrite-free water with no supplementation (R3). Nitrite exposed fish with no change in treatment (group E) showed lower PCV values at all sampling times compared to controls. While PCV and MCV decreased in group E, RBC and Hb remained unchanged. In this case, a decrease in PCV might be explained by red blood cell shrinkage, as reported by Jensen et al. (1987) . This hypothesis is supported by an increase in MCHC, which may be elevated by erythrocyte shrinkage. Similar changes in PCV were observed in group R3 on days 16 and 22. Erythrocyte cell membranes generally show little channel activity, but they are permeable to Cl -. Osmotic cell shrinkage, however, opens non-selective cation channels in the erythrocyte cell membrane (Huber et al. 2001) . Thus erythrocyte shrinkage is connected with disruption of ion equilibrium resulting in the osmotically driven flow of water out of the cells. Huber et al. (2001) described the ability of intracellular or extracellular Cl -to inhibit the permeability of these channels. This is in accordance with our observation of a positive effect of chloride addition to the water on haematocrit stabilisation after nitrite exposure.
Elevated nitrite concentrations were found in the plasma of fish exposed to 1.0 mg·l -1
NO 2 -at all sampling times compared to controls, but we found no measurable concentration in muscle. The plasma concentrations of nitrite observed in our experiment are similar to results obtained by Kroupová et al. (2008) . In the present study, the gradually decreasing concentration of plasma nitrite during the recovery period (group E) suggested acclimation of rainbow trout to nitrite with long-term exposure.
It has been shown that nitrite may have some general effect on nitrogen metabolism and excretion (Jensen 2003) . We detected reduced plasma ammonia and urea nitrogen in groups R2 and R3. These changes could be associated with the elevation in glucose concentration. One result of stress-related hyperglycaemia is a decrease in food intake, and this could subsequently lead to decreased intensity of nitrogen metabolism. This hypothesis is supported by the changes in inorganic phosphorus concentration, as one of the major determinants of plasma phosphorus concentration is dietary intake as along with gastrointestinal absorption (Marks et al. 2010) .
Results of the present study confirmed that even low nitrite concentrations may cause physiological changes in rainbow trout and pointed to possible treatments for fish impaired by nitrite exposure. One of the most important findings is that chloride added to the water leads to successful fish recovery even in the presence of nitrite. These results suggest that in aquaculture recirculation systems, in which fish are exposed to enhanced nitrite concentrations, the impact of nitrite can be reduced by chloride supplementation to negatively influence the process of nitrification without radical water exchange.
